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ABSTRAC 
Quantitative analysis of Late Pliensbachian–Early Toarcian calcareous nannofossil assemblages from the West Rodiles section (Asturias, Northern Spain) has been performed in order to 
interpret the paleoenvironmental changes that occurred during this time interval, characterized by a major extinction event, and especially around the Lower Toarcian 
Tenuicostatum/Serpentinum zonal and extinction boundary. Nannofossil data were statisti- cally treated: the Shannon diversity index was calculated, and results were compared to the stable 
isotope data and the total organic carbon content. To determine the changes recorded in the entire nannofossil communities, a principal component analysis was applied. During the latest 
Pliensbachian, the nannofossil assemblages were dominated by Schizosphaerella sp. and Tubirhabdus patulus, followed by the dominance of Calcivascularis jansae, taxa that 
probably thrived in rather cold waters. The progressive decrease in the relative abundances of both Schizosphaerella sp. and C. jansae coincides with a progressive increase in 
paleotemperatures during the extinc- tion interval, as indicated by the δ18O values measured on diagenetically screened belemnite calcite. Biscutum spp. dominated the nannofossil 
assemblages during the Early Toarcian Tenuicostatum Ammonite Zone, when seawaters were warm. In the West Rodiles section, the extinction boundary coincides with the deposition 
of the laminated shales, where especially high relative abundances of Calyculus spp. were recorded. After the ex- tinction boundary, C. jansae becomes extinct, the relative abundance 
of Biscutum spp. sharply decreases, and the nannofossil assemblages become  dominated by  the  Crepidolithus  and  Lotharingius  species,  which  have been interpreted as opportunistic 
taxa. The Shannon Index ﬂuctuates throughout the studied section, although it is especially high after the extinction boundary. The covariance between the nannofossil crisis and the evolu- 
tion of δ18Obel-based seawater paleotemperatures, as well as the fact that none of the explanations proposed by other authors seems to explain our observations, suggest a clear 
relationship between the increase in pal- eotemperature and the changes recorded in our nannofossil assemblages. Nevertheless, we do not discard pos- sible changes in other 
paleoenvironmental parameters related or not to warming. 
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1. Introduction 
The Early Toarcian has often been described as an interval during which 
important changes in temperatures took place (e.g. Sælen et al., 1996; Jenkyns, 
2003; Rosales et al., 2004; Gómez et al., 2008; Metodiev and Koleva-
Rekalova, 2008; Suan et al., 2008; Dera et al., 2009; Gómez and Arias, 
2010; Gómez and Goy, 2010, 2011; Suan et al., 2010; García Joral et al., 
2011), coinciding with a signiﬁcant trans- gressive peak (e.g. Hallam, 1961, 
1981, 1997; Hallam and Wignall, 1999; Gómez and Goy, 2000, 2005; 
Gómez et al., 2008; Suan et al., 2008; Gómez and Arias, 2010; Suan et al., 
2010). In the here studied West Rodiles section (Northern Spain) (Fig. 1) a 
progressive seawater warming, based on oxygen isotope values obtained 
from belemnite 
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calcite (δ18Obel), was recorded during the latest Pliensbachian–earliest Toarcian. 
It was followed by a pronounced increase in temperature of about 6 °C around 
the Tenuicostatum/Serpentinum Ammonite Zones (AZs) boundary, reaching 
an average seawater paleotemperature of 21 °C (Gómez et al., 2008). 
During the Early Toarcian, major perturbations in the global carbon cycle have 
been inferred for different sub-basins, based on the presence of a pronounced 
negative Carbon isotope excursion (CIE) recorded in bulk rock carbonate, 
carbonate microfractions, marine organic matter, brachiopod calcite and 
continental fossil wood (e.g. Küspert, 1982; Jenkyns and Clayton, 1986; 
Jiménez et al., 1996; Hesselbo et al., 2000; Schouten et al., 2000; Röhl et al., 
2001; Schmid-Röhl et al., 2002; van Breugel et al., 2006; Hesselbo et al., 
2007; Gómez et al., 2008; Suan et al., 2008, 2010; Hermoso et al., 2009; 
Caruthers et al., 2010; Izumi and Tanabe, 2010; Littler et al., 2010; 
Hesselbo and Pieñkowski, 2011), but this excursion has not been clearly 
recorded in belemnite calcite (McArthur et al., 2000; van de Schootbrugge 
et al., 2005; 
 
 
 
Wignall et al., 2005; McArthur, 2007; McArthur et al., 2007; Gómez et al., 
2008; Gómez and Arias, 2010; Gómez and Goy, 2011). 
Several authors have interpreted this negative CIE as the result of a massive 
release of large quantities of isotopically light methane from the dissociation of 
gas hydrates buried in marine sediments (Hesselbo et al., 2000; Beerling et al., 
2002; Cohen et al., 2004; Kemp et al., 2005; Hesselbo et al., 2007), but this 
hypothesis has been challenged by Beerling and Brentnall (2007). Some other 
papers support that the neg- ative CIE is a consequence of the thermal 
metamorphism of carbon-rich sediments in the Karoo–Ferrar large igneous 
province (LIP) (McElwain et al., 2005; Svensen et al., 2007), but this last 
hypothesis has also been dismissed by Summons et al. (2008) and Gröcke et al. 
(2009). 
Another important event that took place during the Early Toarcian was a 
mass extinction event, which affected many different groups of marine 
organisms over a wide geographic area, including ammonites from both the 
Boreal and the Tethyan domains (Little and Benton, 1995; Macchioni, 2002; 
Cecca and Macchioni, 2004; Bilotta et al., 2010; Dera et al., 2010); 
brachiopods from Central Spain (García- Joral and Goy, 2009; García Joral et 
al., 2011) and the UK (Little and Benton, 1995; Harries and Little, 1999); 
benthic foraminifera and os- tracods from Central Spain (Arias et al., 1992; 
Arias, 2009; Gómez and Arias, 2010), UK (Little and Benton, 1995; Hallam, 
1997; Harries and Little, 1999; Wignall, 2001; Wignall et al., 2005), Italy 
(Nocchi and Bartolini, 1994), France and NW Europe (Bassoullet and 
Baudin, 1994; Hylton and Hart, 2000; Hart et al., 2010), Portugal (Boomer 
et al., 1998) and Morocco (Bassoullet et al., 1991). Concomitant with 
the mass extinction, calcareous nannofossil assemblages experi- enced a 
drastic decrease in abundance of both Schizosphaerella (Bucefalo Palliani et 
al., 1998, 2002; Mattioli and Pittet, 2002; Erba, 2004; Mattioli and Pittet, 
2004; Mattioli et al., 2004b; Tremolada et al., 2005; van de Schootbrugge et 
al., 2005; Mattioli et al., 2008; Suan et al., 2008; Mattioli et al., 2009) 
and Calcivascularis jansae 
((⁎)  See  the  appendix),  which  subsequently  became  extinct 
(Bucefalo Palliani and Mattioli, 1995; Bucefalo Palliani et al., 1998; 
Tremolada et al., 2005; Mattioli et al., 2008). 
During the last two decades, the anoxia linked to the postulated Early 
Toarcian oceanic anoxic event (ETOAE), deﬁned by Jenkyns (1988), have 
been inferred as the main cause of the mass extinction (e.g. Jenkyns, 1988; 
Bassoullet and Baudin, 1994; Nikitenko and Shurygin, 1994; Little and 
Benton, 1995; Harries and Little, 1999; Hesselbo et al., 2000; Hylton and 
Hart, 2000; Pálfy and Smith,  2000; Guex et al., 2001; Bucefalo Palliani et 
al., 2002; Macchioni, 2002; Vörös, 2002; Aberhan and Baumiller, 2003; 
Mattioli et al.,  2004b; Tremolada et al., 2005; Wignall et al., 2005; Mailliot et al., 
2006, 2009; Pearce et al., 2006; Mattioli et al., 2008, 2009; Bilotta et al., 2010; 
Hart et al., 2010). However, deposition of real black shales containing 
> 5 wt.% total organic carbon (TOC) (Bates and Jackson, 1987; Kearey, 2001; 
McArthur et al., 2008) is mainly restricted to the Northwestern Europe Euxinic 
Basin (WEEB) (Gómez and Goy, 2011). Conversely, the time equivalent 
deposits in most European and Northern African sections are bioturbated, 
indicating well oxygenated conditions (Ruget, 1985; Alméras and Elmi, 1993; 
Arias, 2006, 2007). To indicate the event that generated the presence of the 
Early to Middle Toarcian black shale facies in the WEEB, the more 
appropriated name of Regional Anoxic Event (RAE) has been proposed by 
McArthur (2007) and McArthur et al. (2007). On the contrary, the Early 
Toarcian mass extinction has generally been considered a synchronous and 
global event, which has also been recorded in numerous areas showing 
evidences of well oxygenated bottom waters, where black shale deposits 
are absent (Arias et al., 1992; Monaco, 1995; Gómez, 2002a,b; Goy et al., 
2006; Gómez et al., 2008; Arias, 2009; Gómez and Arias, 2010; Gómez 
and Goy, 2010, 2011; Rodríguez- Tovar and Uchman, 2010). Hence, a direct 
cause and effect relation- ship between the Early Toarcian anoxia and the mass 
extinction has not been established and, in fact, the main phase of 
deposition of black shales in the WEEB does not coincide with the 
extinction 
interval, but mainly with the repopulation interval (see below). Instead, 
on the basis of the strong covariance between the timing and patterns of the 
Early Toarcian mass extinction and the seawater paleotemperatures estimated, 
a warming event, probably of global extent, has recently been proposed as 
the main factor responsible for mass extinction (Gómez et al., 2008; 
García-Joral and Goy, 2009; Gómez and Arias, 2010; Gómez and Goy, 
2010, 2011; García Joral et al., 2011). 
Three main phases were distinguished by Kauffman and Erwin (1995) in 
mass extinction events, on the basis of the relation between extinction (E) and 
origination (O) rates: 1) the extinction interval, 2) the extinction boundary and 
3) the repopulation interval, which in- cludes the survival and the recovery 
intervals. During the extinction in- terval, E is higher than O and the diversity of the 
community decreases drastically. At the extinction boundary, E reaches the highest 
value and O shows a minimum. Finally, during the repopulation interval, O pro- 
gressively increases with respect to E, and the assemblages are domi- nated by 
surviving taxa and newly evolved species. In this work, the extinction interval 
includes the uppermost Spinatum AZ of the Upper Pliensbachian and the 
Tenuicostatum AZ of the Lower Toarcian, and the  extinction  boundary  is  
located  around  the  Tenuicostatum/ Serpentinum (=Falciferum) AZs 
boundary, as several authors pointed out (e.g. Arias et al., 1992; Little and 
Benton, 1995; Harries and Little, 1999; Cecca and Macchioni, 2004; Wignall et 
al., 2005; Gómez et al., 2008; Gómez and Arias, 2010; Gómez and Goy, 
2010; García Joral et al., 2011). The repopulation interval starts above the 
extinction boundary and extends beyond the top of the studied part of the section. 
The West Rodiles section provides a continuous and superbly ex- posed 
Upper Pliensbachian–Lower Toarcian sedimentary succession, well-calibrated  
to  the  standard  ammonite  zones  and  subzones (ASzs)  and  with  good  
preservation  of  coccoliths.  Moreover,  the work of Gómez et al. (2008) 
presents detailed isotopic, TOC, and stratigraphic data for the studied 
section; some additional new isoto- pic data are presented here. The aim of this 
study is to determine the response  of  calcareous  nannofossils  to  the  
paleoenvironmental changes that occurred in the West Rodiles section 
(Asturias, N Spain) during the Late Pliensbachian–Early Toarcian time 
interval, with special emphasis on the Early Toarcian mass extinction event. 
For this purpose, the abundance and diversity of nannofossils were 
quantiﬁed, treated by statistical analysis, and compared with the pal- 
eoenvironmental changes revealed by geochemical data. 
 
2. Materials and methods 
 
2.1. Location and lithostratigraphy of the West Rodiles section 
 
The West Rodiles section (5° 22′ 31″ W; 43° 32′ 27″ N) crops out in a coastal 
cliff on the west side of the Punta de Rodiles (Fig. 1), in Eastern Asturias 
(Northern Spain). This section belongs to the Jurassic succes- sion of Asturias, 
which is formed of two depositional megasequences separated by an 
unconformity related to extensional tectonic pulses (Borrego et al., 1996). The 
lower megasequence, the Villaviciosa Group (Valenzuela, 1988), is mainly 
calcareous, and ranges in age from Hettangian to Lower Bajocian. It includes the 
Gijón and the Rodiles formations. The upper megasequence, the Ribadesella 
Group, is Upper Jurassic in age, and is mainly composed of siliciclastics 
(Valenzuela, 1988). The samples analyzed in this study belong to the Santa 
Mera Member of the Rodiles Formation that is characterized by an alternation of 
limestone and marl. These sediments are thought to have been de- posited on a 
carbonate ramp at varying depths, generally below the storm wave base 
(Valenzuela et al., 1986). 
The continuous and well-dated West Rodiles section, spans from the Upper 
Pliensbachian Apyrenum ASz (Spinatum AZ) to the Lower Toarcian 
Falciferum ASz (Serpentinum AZ) and is made up of a 14 m thick alternation of 
marls and limestones with a one-meter thick inter- calation  of  laminated  
calcareous  marls,  which  coincides  with  a 
 
 
 
 
Fig. 1. Geological map of North-Eastern Asturias, showing the location of the West Rodiles section. 
 
 
transgressive peak (Cycle LJ3-2 of Gómez and Goy, 2005) and a negative CIE 
recorded in bulk carbonate, but not in belemnite calcite (Gómez et al., 2008) (Fig. 
2). 
 
 
2.2. Samples treatment and statistical analyses 
 
A total of 34 samples of marls were collected for this study and, based 
on high-resolution ammonite biostratigraphy (Gómez et al., 2008), 14 of 
these samples were from the Spinatum AZ, 8 from the Ten- uicostatum AZ and 12 
from the Serpentinum AZ. In terms of calcareous nannofossils (Fraguas and 
Young, 2011), 20 samples belong to the NJ5 Lotharingius haufﬁi calcareous 
nannofossil zone (CNZ) and 14 to the NJ6 Carinolithus superbus CNZ (Fig. 
2). 
The corresponding smear slides were prepared following the ran- dom  
settling  technique  described  by  Geisen  et  al.  (1999),  for 
 
quantifying the absolute abundances of specimens (coccoliths and the 
nannolith Schizosphaerella) per gram of rock. Brieﬂy, a small quantity 
of dried rock-powder (30 and 35 mg) is mixed with water (oversaturated 
with respect to CaCO3 and with a basic pH) in a homo- geneous suspension and 
left to settle for 24 h on a cover slip in a set- tling device. The cover slip is then 
recovered, dried and attached to a microscope slide. 
In each smear slide, 300 nannofossils were counted using a Leica DMLP 
microscope, at 1250× magniﬁcation. All the specimens counted in this work are 
well to moderately preserved (Fig. 2), although some of them show a slight 
degree of etching and overgrowth, mainly along their edges. 
The relative abundances of the species identiﬁed were calculated as 
percentages. The percentage of each coccolith species was estimated with 
respect to the total number of coccoliths, and the percentage of 
Schizosphaerella sp. was calculated with respect to the total nannofossil 
 
 
 
 
Fig. 2. Total calcareous nannofossil and Schizosphaerella absolute abundances (specimens per gram) of the West Rodiles section plotted against stratigraphic position, the ammonite zones and subzones, the TOC 
values and the isotopic data (δ13Ccarb, δ13Cbel and paleotemperatures/δ18Obel curves) after Gómez et al. (2008). Black asterisks mark new belemnite samples. Cal- careous nannofossil zonation is after Fraguas and 
Young (2011). Nannofossil preservation is also shown. AZs = ammonite zones; ASzs = ammonite subzones; CNZs = calcareous nannofossil zones; PA = Paltum; SE = semicelatum; LS = laminated 
shales; *a = FO of Lotharingius sigillatus; *b = FO of Lotharingius crucicentralis; *c = FO of Carinolithus superbus; 
*d = LO of Calcivascularis jansae. 
  
 
 
content. Principal component analysis (PCA) was performed on the 
nannofossil assemblages with the PAST software. This type of analysis allows 
determining the changes recorded in the entire nannofossil com- munity, instead of 
variation in single species abundance. 
Due to the presumably different biological afﬁnities of the extinct coccoliths 
and Schizosphaerella, only the relative abundances of coccoliths were introduced 
in the PCA. Only taxa with mean relative abun- dances > 2% (13 of the 30 
species identiﬁed in the samples) were used for the analysis. Some taxa such as 
Crepidolithus cavus and Crepidolithus granulatus or Biscutum ﬁnchii  
(=Similiscutum  ﬁnchii  sensu  de  Kaenel and Bergen, 1993) and Biscutum 
novum (=Similiscutum novum sensu Mattioli et al., 2004a) were grouped, 
since they present abundance peaks in the same samples. 
We also calculated the Shannon Index (H), a mathematical mea- sure of 
species diversity in a community (Shannon and Weaver, 1949), as 
follows: 
 
s 
H ¼ − 
X 
ðpi⋅ lnpi Þ; 
i:1 
 
where i is a species, s is the number of species identiﬁed, and pi is the relative 
abundance of each species. 
 
2.3. Stable isotope and total organic carbon analysis 
 
A total of 37 belemnite guards were prepared and analyzed for stable 
isotopes, aimed to obtain the primary Late Pliensbachian– Early Toarcian 
seawater stable isotope signal. Additionally, 30 bulk carbonate samples were 
collected and analyzed for C and O isotopes, and 28 samples were analyzed for 
TOC content. The results obtained from these analyses, with the exception of 
four new belemnite sam- ples (Fig. 2), were previously presented and 
discussed by Gómez et al. (2008). 
For the assessment of possible burial diagenetic alteration of the col- lected 
belemnites, polished samples and thick sections of each belem- nite rostrum 
were prepared. The thick sections were studied under the petrographic and the 
cathodoluminescence microscopes, and only the non-luminescent portions of 
the belemnite guards were sampled using a microscope-mounted dental drill. 
Sampling of the luminescent parts such as the apical line and the outer 
phragmocone wall, fractures, stylolites and borings has been avoided. All the 
belemnite and bulk rock samples included in Gómez et al. (2008) were 
processed at Michigan University (USA), and the four new belemnite samples 
presented in this work were analyzed at Salamanca University (Spain). 
For stable isotope analysis, carbonate samples weighing a minimum of 10 
micrograms were placed in stainless steel boats. Samples were roasted at 200 
°C in vacuum for one hour to remove volatile contami- nants and water. 
Samples were then placed in individual borosilicate reaction vessels, and 
reacted at 77°± 1 °C with 3 or 4 drops of anhy- drous phosphoric acid for 8 min 
in a Finnigan MAT Kiel IV preparation device coupled directly to the inlet of a 
Finnigan MAT 253 triple collec- tor isotope ratio mass spectrometer. O18 data are 
corrected for acid frac- tionation and source mixing by calibration to a best-ﬁt 
regression line deﬁned by two NBS standards, NBS 18 and NBS 19. Precision 
and ac- curacy of data were monitored through daily analysis of powdered 
carbonate standards. At least six standards were analyzed daily, bracketing 
the sample suite at the beginning, middle, and end of the day's run. In all 
samples, isotope ratios are reported in per mil relative to the standard Peedee 
belemnite (PDB). In both laborato- ries, reproducibility was better than 
0.4‰ PDB for δ13C and better than 0.6‰ PDB for δ18O. Internal analytical 
precision in belemnite carbonates was ± 0.04‰ for both δ13C and δ18O, and 
internal analyt- ical precision in bulk carbonates was ± 0.04‰ for δ13C and ± 
0.09‰ for δ18O. 
The Late Pliensbachian–Early Toarcian seawater paleotemperature recorded  
in  the  belemnite  rostra  has  been  calculated  using  the 
Anderson and Arthur (1983) equation: T (°C)= 16.0 − 4.14 (δc −δw)+  
0.13 (δc −δw)2 where δc = δ18O PDB is the composition of the sample, and δw = 
δ18O SMOW is the composition of ambient seawater. Normal values of S= 
34.3‰ for the marine salinity (Wright, 1987) and δw values of −1‰ for a 
non-glacial ocean water (Shackleton and Kennet, 1975), were used. For 
paleotemperature calculation, it has been as- sumed that the δ18O values and, 
consequently, the resultant curve, es- 
sentially reﬂects changes in environmental parameters (Sælen et al., 1996; 
McArthur et al., 2007; Price et al., 2009; Rexfort and Mutterlose, 2009), as the 
sampled non-luminescent biogenic calcite of the studied belemnite rostra 
precipitated in equilibrium with the seawater. It was also assumed that the 
biogenic calcite retains the primary isotopic com- position of the seawater and that 
the sampling bias, vital effects, skeletal growth and belemnite migration are not 
the main factors responsible for the obtained variations (Sælen et al., 1996; 
McArthur et al., 2007). 
TOC analyses have been performed in the Centro de Espectrometría Atómica 
of the Universidad Complutense of Madrid using a Shimadzu TOC-V analyzer 
was solid samples (SSM-5000 A). One sample of stan- dard NIST 1944 
analyzed every four samples of rock to control the total carbon values and 
bicarbonate of soda for the inorganic carbon. Analytical error was better than ± 
0.7%. 
 
3. Results 
 
3.1. Biostratigraphy 
 
At West Rodiles, two calcareous nannofossil zones, the NJ5 L. haufﬁi CNZ 
and the NJ6 C. superbus CNZ have been identiﬁed and calibrated to the 
ammonite zonation of Gómez et al. (2008). Moreover, the ﬁrst oc- currence (FO) 
of Lotharingius sigillatus has been recognized in the upper- most levels of the 
Apyrenum ASz (Spinatum AZ), within the NJ5 CNZ. The FO of Lotharingius 
crucicentralis is observed in the Hawskerense ASz (Spinatum AZ), within the 
NJ5 CNZ. According to the literature (Bown and Cooper, 1998; Mattioli and 
Erba, 1999; Perilli et al., 2004), the boundary between the NJ5 and NJ6 CNZs is 
deﬁned by the FO of C. superbus, which in the studied section has been located 
in the Semi- celatum ASz (Tenuicostatum AZ). Slightly above the 
Tenuicostatum/ Serpentinum AZs boundary, within the NJ6 CNZ, the last 
occurrence (LO) of C. jansae has been recorded (Figs. 2 and 3). 
 
3.2. Geochemical data 
 
The carbon isotope values obtained from bulk calcite (δ13Ccarb), the carbon 
isotope values obtained from belemnite calcite (δ13Cbel), the δ18Obel curve, 
and the wt.% TOC values for the West Rodiles section are shown in Fig. 2. 
Samples used in the nannofossils study performed in this work were taken from 
the same stratigraphic levels as those depicted in Gómez et al. (2008), allowing 
a direct comparison between the geochemical data and the results obtained from 
the quantitative 
analyses in nannofossils. During the Late Pliensbachian–Early Toarcian time 
interval, most of the recorded TOC (wt.%) values are b 1 wt.%. The 
highest TOC values, ranging from 1.4 to 3.2 wt.%, are found around the 
Tenuicostatum/Serpentinum AZs boundary, within the 1 m thick lami- nated 
interval. The δ13Ccarb curve obtained from bulk carbonate shows a 1.5‰ 
negative excursion recorded around the Tenuicostatum/ Serpentinum AZs 
boundary, coinciding with the occurrence of the lam- inated facies. However, this 
negative δ13C shift has not been recorded in the calcite of the belemnite rostra. The 
δ13Cbel curve shows an increase in values during the Semicelatum, Elegantulum 
and early Falciferum ASzs. The peak value (3.2‰) is recorded in belemnites 
of the Elegantulum ASz, slightly above the laminated interval, deﬁning a pos- 
itive δ13C excursion. The δ18Obel curve shows a progressive decrease in the 
oxygen isotope values in the uppermost Pliensbachian and the low- ermost 
Toarcian, and a noteworthy excursion towards more negative values above the 
Tenuicostatum/Serpentinum AZs boundary reaching three peak values of about − 
2.9‰ in the Elegantulum ASz. 
  
 
 
3.3. Absolute abundances of nannofossils 
 
At West Rodiles, calcareous nannofossil abundance varies between 60 and 
471 millions of specimens per gram of rock (Fig. 2), and show a clear 
increasing trend from the base to the top of the section. Nannofossil 
quantities are low at the base of the succession, below the 
extinction interval (b 150 millions of  specimens per gram of rock; 
from 0 to 4 m). An increase of absolute abundance is observed in the 
lowermost levels corresponding to the  extinction  interval  (up  to 190 millions 
of specimens per gram; from 4 to 7 m). However, around the extinction 
boundary, coinciding with the negative CIE and with a rapid decrease in δ18Obel 
values, nannofossil abundances decrease dra- 
matically (b 120 millions of specimens per gram; from 7 to 8 m). A sig- 
niﬁcant increase of abundance is shown during the repopulation interval, above 
the δ13Ccarb excursion, reaching the maximum abun- dance value in the 
uppermost part of the section (>464 millions of specimens per gram of rock; 
from 12 to 14 m), within the Falciferum ASz, coinciding with the major 
decrease in δ18Obel values. 
The absolute abundance of Schizosphaerella ranges from 2 to 71 mil- lions 
of specimens per gram (Fig. 2). The minimum absolute abundance values occur 
around the extinction boundary, coinciding with the neg- ative CIE and with a 
rapid decrease in δ18Obel values. A slight increase of absolute abundance of 
Schizosphaerella is shown during the repopulation interval, coinciding with a 
shift to low δ18Obel values. 
 
3.4. Relative abundances 
 
Quantitative analyses reveal that thirteen taxa (Schizosphaerella sp., 
Crepidolithus crassus, C. cavus, C. granulatus, T. patulus, C. jansae, 
Calyculus spp., B. novum, B. ﬁnchii, Biscutum grande, L. haufﬁi, L. sigillatus 
and L. crucicentralis) account for more than 80% of the total calcareous 
nannofossil assemblages. During the latest Pliensbachian–earliest Toarcian time 
interval, before the extinction boundary, nannofossil as- semblages were ﬁrst 
dominated by Schizosphaerella sp. and T. patulus, followed by the dominance 
of C. jansae and, ﬁnally, Biscutum spp. be- came the most abundant taxa. A 
progressive decrease in the relative abundances of Schizosphaerella sp. and C. 
jansae has been recorded dur- ing the extinction interval, i.e. minimum 
abundances coincide with neg- ative δ18Obel values, the highest TOC values and the 
negative CIE (Fig. 3). Conversely, a peak in the relative abundances of 
Calyculus spp. and 
L. sigillatus has been recorded around the extinction boundary. At this 
boundary, the species C. jansae becomes extinct, and the relative abun- dances 
of Calyculus spp. and Biscutum spp. sharply decrease. The nannofossil 
assemblages are dominated by C. crassus, which is the most abundant 
species of the genus Crepidolithus. After the extinction boundary, Crepidolithus 
taxa notably increase their relative abundance, coinciding with the major 
decrease in δ18Obel values. The genus Lotharingius shows important 
ﬂuctuations throughout the studied in- terval, and the ﬁrst occurrences of some 
of the taxa correspond to the initial warming (Fig. 3). 
 
3.5. PCA and Shannon Index 
 
In the West Rodiles section, three main factors, representing more than 83% 
of the total variance, were extracted by PCA (Fig. 4). Only species having a 
loading higher than ± 0.5 on one of the extracted factors are mentioned in 
the following sections. Factors are consid- ered as signiﬁcant when they have a 
contribution to the total variance higher than 13%. The ﬁrst factor explains 
40.6% of the total variance, 
 
 
Fig. 3. Relative abundances (%) of the most abundant nannofossil species and genera in the West 
Rodiles section plotted  against  stratigraphic  position,  the  ammonite zones and subzones, the 
TOC values and the  isotopic  data  (δ13Ccarb,  δ13Cbel  and δ18Obel   curves)  after  Gómez  et  al.  
(2008).  Calcareous  nannofossil  zonation  is  after 
Fraguas and Young (2011). *a = FO of Lotharingius sigillatus; *b = FO of Lotharingius 
crucicentralis; *c = FO of Carinolithus superbus; *d = LO of Calcivascularis jansae. 

  
 
 
and displays a signiﬁcant loading of C. crassus and, to a minor extent, 
C. granulatus and C. cavus (positive values) in opposition to C. jansae 
(negative values). The second factor contributes for 28.9%, and shows 
Calyculus spp. and L. crucicentralis (positive values) opposed to L. haufﬁi 
(negative values). The third factor has a variance contribu- tion of 13.6%, 
Biscutum spp. have a positive contribution, whereas 
C. jansae and C. crassus load negatively. 
PCA scores and Shannon diversity (H) have been plotted together with 
factor loadings and δ13Ccarb and δ18Obel curves in Fig. 5. The Shannon 
diversity Index is especially high around the negative CIE and after the 
extinction boundary, although it signiﬁcantly ﬂuctuates throughout the studied 
section. The ﬁrst PCA factor shows a progres- sive increase before the 
extinction boundary. The second PCA factor displays ﬂuctuations and shows 
higher values during the extinction interval. The third factor shows a sharp 
increase in its values during the Tenuicostatum AZ, partly coincident with the 
extinction interval. 
 
4. Discussion 
 
4.1. Calcareous nannofossil paleoecological afﬁnities 
 
The paleoecological afﬁnities of Early Jurassic calcareous nannofossils are still 
not well ascertained and different hypotheses have been pro- posed during the 
last two decades (e.g. Bown, 1987; Bucefalo Palliani and Mattioli, 1995; Claps et 
al., 1995; Mattioli, 1997; Bown and Cooper, 1998; Cobianchi and Picotti, 2001; 
Walsworth-Bell, 2001; Bucefalo Palliani et al., 2002; Erba, 2004; Mattioli and 
Pittet, 2004; Tremolada et al., 2005; Bour et al., 2007; Mattioli et al., 2008; 
Mailliot et al., 2009; Reggiani et al., 2010). In this context, the inﬂuence of 
paleoenvironmental conditions on the Early Jurassic nannofossil assemblages needs 
to be fur- ther investigated. 
Early Jurassic nannoﬂoras are constituted by coccoliths and the nannolith 
Schizosphaerella. The paleoecological afﬁnities of Schizosphaerella sp. 
are still under debate. Several authors pro- posed that this taxon 
ﬂourished under oligotrophic conditions in the surface waters (e.g. 
Cobianchi and Picotti, 2001; Pittet and Mattioli, 2002; Bour et al., 2007; 
Aguado et al., 2008; Mailliot et al., 2009; Reggiani et al., 2010), 
considering that it probably inhabited the shallowest part of the water 
column. However, Mattioli (1997), Walsworth-Bell (2001) and Mattioli 
and Pittet (2004), interpreted Schizosphaerella sp. as a taxon ﬂourishing 
dur- ing sporadic inputs of nutrients related to unstable conditions in 
surface waters, recorded while carbonate-rich sediments were de- posited 
in proximal settings. Finally, Claps et al. (1995), Erba (2004) and 
Tremolada et al. (2005) argued that Schizosphaerella sp. was a deep-
dwelling taxon, with similar afﬁnities as the mod- ern coccolithophore 
Florisphaera profunda (Molﬁno and McIntyre, 1990), and ﬂourished 
when the nutricline was deep and surface 
waters were characterized by enhanced oligotrophy. Conversely, Mattioli 
and Pittet (2004) and Reggiani et al. (2010) proposed that it 
preferentially inhabited the shallowest part of the water column. 
With respect to the coccoliths identiﬁed in this work, Bucefalo Palliani 
and Mattioli (1995) and Mattioli and Pittet (2004) interpreted Mitrolithus jansae 
(here named C. jansae, (⁎) see appendix for taxonom- ical explanation) as a 
deep-dwelling species, taking into account the ul- trastructure and relationships 
of this nannolith with sea level ﬂuctuations. However, Erba (2004) and 
Tremolada et al. (2005) suggested that it was an intermediate-dwelling taxon, 
since it slightly increases in abundance preceding black shales deposition, 
indicating a rise in the nutricline probably due to the input of nutrients from the 
continent. Bown (1987), Bown and Cooper (1998), Bucefalo Palliani et al. 
(2002) and Mattioli et al. (2008) found high relative abundances of C. jansae in 
the SW margin of the Tethyan Domain. 
Walsworth-Bell (2001) suggested that C. crassus was an opportun- ist 
species, considering its high relative abundance in the carbonate- rich or 
“light” marlstones, representing more than 50% of the nannofossil 
assemblages. Mattioli and Pittet (2004) proposed that, similarly to 
Schizosphaerella, this taxon proliferated under unstable con- ditions in surface 
waters linked to storm events while carbonate-rich sediments were deposited. 
Recent studies support that C. crassus was a deep dweller (Bour et al., 2007; 
Mattioli et al., 2008) that probably competed with C. jansae, because light 
intensity is a limiting factor in the lower photic zone. However, Aguado et al. 
(2008) suggested that 
C. crassus probably ﬂourished under oligotrophic and stable conditions of the 
surface waters, and was associated with a deep nutricline. Mattioli et al. 
(2008) observed higher abundances of C. crassus along the NW margin of 
Tethys. Reggiani et al. (2010) proposed that the ro- bust coccoliths of the 
species C. crassus, would tend to refract light into the cell, and that this taxon 
was able to live deeper than other taxa. Bucefalo Palliani and Mattioli (1995) and 
Erba (2004) interpreted Calyculus as a deep to intermediate-dwelling taxon, 
considering the expanded and shallower nutricline at the beginning of the 
Toarcian. However, Mattioli et al. (2008) argued that if the photic zone was 
low saline and intermittently anoxic, Calyculus could not be a deep 
or intermediate-dweller, as previously proposed. 
The species belonging to the genus Biscutum have been inter- preted 
as shallow-dwelling taxa (e.g. Erba, 2004; Tremolada et al., 2005), since 
they sharply increase in abundance during black shale deposition, indicating 
a slight rise of the nutricline caused by the input of nutrients from the 
continent. Several authors have consid- ered the species B. ﬁnchii and B. 
novum as meso-eutrophic taxa and as high fertility indices (e.g. Bucefalo 
Palliani and Mattioli, 1995; Bucefalo Palliani et al., 2002; Mattioli and 
Pittet, 2004; Mattioli et al., 2008). Aguado et al. (2008) suggested that the 
species Biscutum dubium,   Biscutum    intermedium    and   Biscutum    
depravatum    were 
 
 
 
Fig. 4. Results of the Principal Component Analysis (PCA) applied to the relative abundance of coccoliths in the West Rodiles section. The contribution to the variance of each factor extracted by PCA is also 
shown. Factors are eigenvalues. See the text for further explanations. 
 
 
 
 
Fig. 5. PCA scores and Shannon Index (H), plotted against stratigraphic position, the ammonite zones and subzones, the calcareous nannofossil zones and the δ13Ccarb  and paleotemperatures/ δ18Obel 
curves of the West Rodiles section. The contribution to the variance of each factor and the most signiﬁcant species contributing to the factors, are shown. 
 
eutrophic taxa, because they observed high proportions of these taxa coinciding 
with a very signiﬁcant decrease in the abundances of Schizosphaerella 
spp. and C. crassus together with the highest values in δ13Ccarb. Tremolada 
et al. (2006a) observed high proportions of the species of Biscutum 
coinciding with a signiﬁcant positive excur- sion in δ18O, suggesting that 
these taxa were probably adapted to cooler surface waters. 
According to the literature (e.g. Mattioli and Pittet, 2004; Tremolada et 
al., 2005) the genus Lotharingius has paleoecological af- ﬁnities similar to 
those of Biscutum, and has also been interpreted as meso-eutrophic. Moreover, 
Mattioli et al. (2008) suggested that Lotharingius species probably dwelled 
in shallow waters, and that the dominance of these taxa after the anoxia 
may mean renewed input of nutrients to surface waters. 
 
4.2. The inﬂuence of temperature on nannoplankton assemblages 
 
In this work, paleotemperatures are calculated on the basis of the δ18O 
values measured on diagenetically screened belemnite calcite. Re- cently, Rexfort 
and Mutterlose (2009) compared the δ18O and δ13C sig- nals of ten recent 
cuttlebones (internal shells) from sepias for estimating the effects of 
temperature variations and salinity changes on these organisms. All analyzed 
specimens perfectly reﬂected the tem- perature characteristics of their habitat, and 
sudden short-term salinity changes were not observed. The cuttlebones are 
considered analogous with belemnites; therefore, δ18O values measured on 
belemnite calcite could be considered a powerful tool for inferring 
paleotemperatures. 
In the West Rodiles section, average calculated paleotemperatures for the 
uppermost Pliensbachian Spinatum AZ are in the order of 
11.6 °C (Figs. 2 and 5). This temperature can be considered as notably low, for a 
calculated paleolatitude of 30°N during the Toarcian based on paleomagnetical 
studies (Osete et al., 2000, 2011). A ﬁrst step of progressive seawater 
warming started in the Lower Toarcian Ten- uicostatum AZ, reaching an 
average paleotemperature of 15.4 °C in 
the West Rodiles area. A sudden increase in seawater temperature was 
recorded around the Tenuicostatum/Serpentinum AZ and extinc- tion boundary, 
reaching average values of about 21 °C. This signiﬁcant 
and rapid warming, which represents an ΔT of about 6 °C with re- spect to 
the Tenuicostatum AZ, continues through the Serpentinum 
AZ and the Middle Toarcian Bifrons AZ, above the studied part of the 
section (Gómez et al., 2008). Consequently, the highest tempera- tures were 
reached in the repopulation interval, above the extinction boundary, coinciding 
with the major changes in nannofossil assem- blages. Apparently, critical 
paleoenvironmental changes which pro- duced the calcareous nannofossil crisis 
were reached before maximum paleotemperatures were recorded, maybe 
because a temperature threshold was surpassed. It is possible that above this 
critical tempera- ture only some species well adapted could survive. 
Results presented in this study and in numerous studies world- wide have 
documented that a great amount of organisms constitut- ing the plankton are 
very sensitive to temperature changes. Seawater temperature controls the 
latitudinal distribution of nanno- plankton (e.g. Hiramatsu and De Deckker, 
1997), their abundance (e.g. Okada and Wells, 1997; Findlay and 
Giraudeau, 2000; Dimitrenko, 2004), and the variations recorded in the 
plankton as- semblages (e.g. Hiramatsu and De Deckker, 1997; Legge et 
al., 2008; Sheldon et al., 2010). Consequently, the changes in assem- 
blage composition and the abundance of some taxa have been used in many 
studies to interpret climatic changes (e.g. Haq et al., 1977; Tremolada et al., 
2006b; Sinaci and Toker, 2009). In addition, numer- ous papers have 
established a close correlation between warming in- tervals and the crises 
recorded in calcareous nannoplankton assemblages. Some of the best 
examples have been observed in sec- tions containing the Paleocene–Eocene 
thermal maximum (PETM), in which important extinctions or drops in 
nannoplankton produc- tivity, coincident with one of the most important 
events of rapid warming, have been reported (e.g. Bralower, 2002; Gibbs 
et al., 2004, 2006; Agnini et al., 2007; Bown and Pearson, 2009). These 
  
 
 
examples can be considered as comparable to the Early Toarcian 
warming, during which some taxa disappeared and, moreover, drops in 
productivity were recorded in many areas (e.g. Bucefalo Palliani et al., 
1998, 2002; Mattioli et al., 2004a,b; Suan et al., 2008; this study). 
Nevertheless some organisms, like Calyculus spp. and L. sigillatus in the 
studied section, show an acme coinciding with the pronounced environmental 
changes. In other warming intervals, like in the case of the PETM, dinoﬂagellate 
cyst acmes coincident with the onset of this thermal event have been 
documented (Crouch et al., 2001; Gibbs et al., 2004). These peaks in 
relative abundances, and in this study also in the second PCA factor (Figs. 3 
and 5) which receives important contribution of Calyculus spp. and L. 
sigillatus around the extinction boundary, have been interpreted as a response 
of these stress tolerant taxa to important environmental changes (Gibbs et al., 
2004). 
Climate change is being considered as one of the main factors causing 
biotic crises. Twitchett (2006) analyzed the possible causes of the big ﬁve 
mass extinction events, concluding that all these events are associated with 
evidence of climatic change and that environmen- tal consequences of rapid 
global warming have been particularly det- rimental to the biosphere. In 
addition, the responses of the organisms to current warming in the oceans 
represent a source of information on mechanisms by which climate change 
affects individual physiolo- gy, seasonal timing, phenology of organisms, 
composition and dy- namics of populations and geographic distribution 
(Walther et al., 2002). Each species has an optimum temperature range for 
skeletal secretion, biochemical and physiological activity and growth, but if 
physiological upper thermal limit is surpassed, thermal stress may become 
lethal (Twitchett, 2006). 
Severe warming also causes a more sluggish oceanic circulation and reduced 
upwelling, which lead to a global decrease in nutrients trans- port to the 
planktonic organisms living in the upper layer of the oceans, affecting the primary 
and secondary production (Walther et al., 2002; Kidder and Worsley, 2004; 
Twitchett, 2006). Other important ways by which temperature increases may 
lead to mass extinctions are the phenologic processes, the losses and 
fragmentations of habitats, and the loss of species with low adaptability and/or 
low dispersal capacity (Gómez and Goy, 2011). 
It seems clear that warming can be a direct or indirect responsible of mass 
extinctions, and can induce severe decreases in the availability of nutrients for 
phytoplankton growth. Warming events can destroy the trophic net, reduce the 
ocean productivity and lead to mass mortality, which can be envisaged as one 
of the probable causes of the Early Toarcian mass extinction. 
 
4.3. Hypotheses proposed in the literature to interpret the Early Toarcian 
nannofossil crisis 
 
The causes of Early Toarcian crisis affecting the nannofossils should be interpreted 
in conjunction with the strong crisis recorded  in other nektonic and benthic 
organisms, which led to the remarkable mass ex- tinction that occurred during this 
time interval. An excellent correlation between the Early Toarcian warming and the 
decrease of biodiversity in different organisms, has been shown for ostracods 
(Gómez and Arias, 2010), brachiopods (García Joral et al., 2011), nannofossils 
(Fraguas, 2010) and other nektonic, planktonic and benthic organisms (Gómez 
and Goy, 2010, 2011). Suan et al. (2010) concluded that the amount of 
nannofossils and the size of Schizosphaerella largely covary with 
paleotemperature during the Late Pliensbachian–Early Toarcian time in- terval in the 
Lusitanian Basin (Portugal). 
Nevertheless, other hypotheses to explain the Early Toarcian nannofossils 
crisis, in general independently from the mass extinction recorded in other 
groups of organisms, have been previously proposed. Bucefalo Palliani et al. 
(2002) explained the temporary decrease in pe- lagic carbonate production and 
the temporal disappearance of calcare- ous  nannofossils  and  dinoﬂagellate  
cysts  (disappearance  event) 
(Fig. 6.1) as due to a stronger water column stratiﬁcation and the devel- opment of 
an oxygen-minimum zone. However, there is no clear coin- cidence between 
anoxia and the disappearance of nannofossils and dinoﬂagellate cysts, since 
the disappearance is recorded before the onset of deposition of black shales; 
which has been used as an indicator of anoxic conditions (Jenkyns, 1988). 
Bucefalo Palliani et al. (2002) ob- served the reappearance of nannofossils and 
dinoﬂagellate cysts at a level with relatively high values of TOC, just after the 
maximum values. In the Causses area of central France there is a signiﬁcant hiatus 
at the Pliensbachian/Toarcian boundary and the deposits of the Ten- 
uicostatum AZ are almost entirely absent, so no record of the extinction interval is 
present. However, it is also striking in this area that the highest nannofossil 
abundance coincides with some of the highest TOC values (Mailliot et al., 
2009). If the TOC values are taken as an index of anoxia, high TOC values 
should not co-occur with the highest nannofossils abundance, suggesting that 
the biotic crisis cannot be due to anoxia. 
Another hypothesis defended by Mattioli et al. (2004b, 2009), 
Tremolada et al. (2005) and Suan et al. (2008) is based on the as- sumption 
that atmospheric pCO2 had high values at this time, and that it was 
responsible for the nannofossil crisis. The postulated in- crease in 
atmospheric pCO2 and, consequently, the biocalciﬁcation crisis would be 
caused by the magmatic activity of the Karoo and Fer- rar LIP and by the release 
of methane (Mattioli et al., 2004b). On one hand, attempts to calculate the 
Early Toarcian pCO2 concentrations failed, since unreasonably high values 
of 35 times the modern pre- industrial level of 280 ppm were obtained by 
Sælen et al. (1998) and, consequently, results were discarded. On the other 
hand, causes of this postulated Early Toarcian increase in pCO2 are also 
uncertain. The magmatic activity and the release of methane explaining the 
high atmospheric pCO2 enounced by Mattioli et al. (2004b), would 
imply the presence of a negative excursion in the δ13C values, as in 
both cases isotopically light carbon would be released to the earth– 
atmosphere system. There is a negative δ13C excursion recorded in bulk 
carbonates and organic matter in many sections worldwide, but to establish 
a cause-and-effect relationship, this negative δ13C excursion must be 
synchronous, coincident in time with the bio- calciﬁcation crisis. 
However, the negative δ13C excursion seems to be diachronous with respect 
to the ammonite zones and subzones. In the section studied here, as well as in 
other Spanish and European sections, the negative δ13C excursion coincides 
with the extinction boundary. Conversely, in some other sections the 
negative δ13C excursion coincides with the repopulation interval. 
In addition, the hypothesis that the negative δ13C excursion could be attributed 
to outgassing of isotopically light CO2 as a product of the vol- canic activity of the 
Karoo and Ferrar LIP, proposed by Mattioli et al. (2004b) and Suan et al. 
(2008), has been questioned by Littler et al. (2010) because taking an average 
δ13C value for the mantle of − 6‰, the volumes of volcanogenic CO2 needed to 
generate the large negative δ13C excursion recorded in many sections of Europe 
would be unrealis- tically huge. 
The massive release of large amounts of isotopically light CH4 from the 
thermal dissociation of gas hydrates (Hesselbo et al., 2000, 2007; Cohen et al., 
2004; Kemp et al., 2005), the other possibility to produce high pCO2, would 
imply that the negative δ13C excursion found in many Early Toarcian 
sections should be synchronous and global in ex- tent. Nevertheless, the global 
extent has been questioned by the lack of signal in belemnites (van de 
Schootbrugge et al., 2005; Wignall et al., 2005; McArthur, 2007; Gómez et 
al., 2008) and, as mentioned above, the correlation of the available 
worldwide sections suggests that this negative δ13C excursion is diachronous 
with respect to the ammonite biostratigraphy. Consequently, as was previously 
pointed out by Suan et al. (2008), in many parts of Europe, it does not coincide 
with the biocalciﬁcation crisis. 
Another hypothesis proposed by Mattioli et al. (2009) to explain the 
biocalciﬁcation crisis, deals with the discharge of low saline arctic 
 
 
 
 
Fig. 6. Correlation chart showing the response of different groups of plankton to the Early Toarcian warming event. Ammonites zones (AZs) and subzones (ASzs), and their equiv- alent biochrons, are after 
Howarth (1973, 1992), Elmi et al. (1989, 1994, 1997), Hardenbol et al. (1998), Schouten et al. (2000), Röhl et al. (2001), Macchioni (2002), Cecca and Macchioni (2004), Page (2003, 2004), and van 
de Schootbrugge et al. (2005). For the Tenuicostatum AZ, or the equivalent Polymorphum AZ, it has been assumed that the Semi- celatum ASz is equivalent to the Clevelandicum, Tenuicostatum and 
Semicelatum ASzs used in the UK, and that the Semicelatum ASz of the German sections includes the Ten- uicostatum ASz of the UK. In most of Europe, the Serpentinum (= Falciferum or Levisoni) AZ 
has been subdivided into Elegantulum (= Exaratum) and Falciferum ASz, except in Germany where an Elegans ASz is also distinguished. Herein, the German Elegans ASz corresponds to the uppermost 
portion of the Elegantulum/Exaratum ASz and the lower part of the Falciferum AZ. It is important to note that there is no conﬂict or ambiguity in the Tenuicostatum/Serpentinum AZ boundary (or 
equivalents) in any of the established scales. (1) Dinoﬂagellate cysts and calcareous nannofossils form Brown Moor, UK (Bucefalo Palliani et al., 2002). (2) Dinoﬂagellate cysts from Dotternhausen, 
Germany (Mattioli et al., 2004b). (3) Calcareous nannofossils from the West Rodiles section (this work). (4) Calcareous nannofossils (grams of rock) from the Peniche section, Portugal (Suan et al., 
2008; Mattioli et al., 2009). (5) Tasmanites from the Pozzale section, Italy (Bucefalo Palliani et al., 1998). 
 
 
waters through the Laurasian seaway, which generated hostile condi- tions for 
nannoplankton production. According to many authors (Prauss et al., 1991; 
Sælen et al., 1998; Bjerrum et al., 2001), salinity in the southern part of the 
Laurasian seaway, corresponding to Western Europe, was most likely close to 
normal, whereas farther north, towards the Arctic region, salinity might have been 
reduced by up to 10 psu. In fact, quantitative modelling of seawater salinity 
during the deposition of the Early Toarcian Whitby Mudstone Formation of 
the Yorkshire area of the UK (Sælen et al., 1996), indicates a maximum salinity 
lower- ing of ~ 5‰ compared to the average salinity of contemporaneous nor- 
mal seawater (35‰), which cannot be considered as signiﬁcant enough to 
generate hostile conditions for plankton production, given the wide range of 
tolerance of modern coccoliths (Kilham and Kilham, 1980). For instance, 
Emiliania huxleyi can tolerate a salinity range of 16‰ to 54‰ (Haq, 1978). 
The connection between the Arctic region and the Western Tethys through the 
Laurasian seaway was established since the Late Triassic–earliest Jurassic 
(Ziegler, 1990; Stampﬂi and Borel, 2002, 2004). If hostile conditions for 
nannoplankton production were generated by the lowering of salinity due to the 
southward dom- inant paleocurrents circulating in this connection, the 
biocalciﬁcation crisis should have started at the Late Triassic–earliest Jurassic 
and have continued for millions of years. But the crisis occurred at a speciﬁc and 
relatively short time interval. No signiﬁcant changes in the ostracod assemblages 
(organisms highly sensitive to salinity) of this age have been reported in Spain 
(i.e. Arias, 1997, 2006; Gómez and Arias, 2010) 
and Western Europe (Arias, 2007), and no substantial changes in salin- ity are 
supported by the oxygen isotopes obtained from belemnite or brachiopod 
calcite. Their values reﬂect reasonably normal seawater paleotemperatures, 
without any indication of being inﬂuenced by low marine salinity values. 
Consequently, based on the available data, the good correlation between 
the marked temperature change and the biotic crisis and the lack of  other 
satisfactory explanations, we hypothesize that warming and the 
environmental changes derived from temperature changes can be considered 
as the main responsible for the mass ex- tinction event. Nevertheless, possible 
changes in other environmental parameters related or not to warming, are not 
discarded. 
 
4.4. Nannofossil assemblages and climate change before the 
extinction boundary 
 
Oxygen isotope values measured on belemnite calcite in the West Rodiles 
section suggest the presence of a marked cooling interval dur- ing the Spinatum 
AZ. These data are consistent with data from other parts of the world, 
indicating that this cooling event is probably of global extent (e.g. Bailey et 
al., 2003; Rosales et al., 2004; van de Schootbrugge et al., 2005; Gómez 
et al., 2008; Suan et al., 2008, 2010; Gómez and Arias, 2010; Gómez and 
Goy, 2010, 2011; García Joral et al., 2011). For some authors, the Late 
Pliensbachian represents one of the main candidates in the Mesozoic for the 
formation of polar 
  
 
 
ice (Price, 1999), up to the point that the Upper Pliensbachian–lower- most 
Toarcian hiatus, recorded in some of the European and Northern African 
sections, has been interpreted by Guex et al. (2001) as due to a major short-
lived regression, forced by cooling and glaciation. 
Quantitative analysis reveals the coincidence of especially high relative 
abundances of Schizosphaerella sp. and C. jansae coinciding with the 
uppermost Pliensbachian cold period. Even if these taxa are more abundant 
in the southern margin of Tethys (Bown, 1987; Bown and Cooper, 1998; 
Bucefalo Palliani et al., 2002; Mattioli et al., 2008), the Tethyan waters 
were most probably also affected by the cooling event that globally lowered 
seawater temperature, meaning that these low latitude waters were not as 
warm as expected under normal climatic conditions. This hypothesis is 
supported by the calculation of Uppermost Pliensbachian pal- 
eotemperature in Europe, based on the compilation of the available δ18Obel 
data (e.g. Sælen et al., 1996; Jenkyns, 2003; Rosales et al., 2004; Gómez 
et al., 2008; Metodiev and Koleva-Rekalova, 2008; Suan et al., 2008; 
Dera et al., 2009; Gómez and Arias, 2010; García Joral et al., 2011; Gómez 
and Goy, 2011). Calculated average seawa- ter paleotemperature in Europe 
for this interval was 13.7 °C as indi- cated by this compilation (Gómez and 
Goy, 2011), lower than the expected paleotemperature from the 
paleolatitudinal position of Eu- rope at this time (Osete et al., 2011). 
Reggiani et al. (2010) observed a major reorganization in the phyto- plankton 
community structure during the Late Pliensbachian of Portugal, where 
assemblages dominated by C. crassus during a warm period, the Margaritatus 
AZ, became dominated by Mitrolithus jansae and Schizosphaerella spp. 
during the Late Pliensbachian Spinatum AZ cooling period. These authors 
explain the dominance of taxa with a Mediterranean afﬁnity (Bown, 1987; 
Bown and Cooper, 1998; Bucefalo Palliani et al., 2002; Mattioli et al., 2008) in a 
period of progres- sive cooling of surface waters by reduced connections 
between the water masses of the Lusitanian Basin and those of the NW European 
epi- continental seas. However, in the West Rodiles section there are no data 
supporting this hypothesis. 
Through the Tenuicostatum AZ, an increase in seawater tempera- ture, 
estimated in the order of 4 °C (Figs. 2 and 5), was recorded in the West Rodiles 
section, resulting in temperatures averaging 15.4 °C. This ﬁrst warming 
interval occurs in two steps, in the Paltum ASz temperature increases by 2.2 
°C, reaching average values of 13.8 °C and next, in the Semicelatum ASz 
there is a further temperature in- crease of about 2.1 °C, and average 
temperatures of 15.9 °C were reached. 
In the West Rodiles section, the third PCA factor has an important positive 
contribution of the Biscutum taxa (Fig. 5). The high relative abundance of 
this genus during a period of warming indicates the preference of Biscutum 
spp. for warm surface waters and not for cold seawaters as Tremolada et 
al. (2006a) previously proposed. 
The relative abundance curves of Schizosphaerella sp. and C. jansae show 
a clear similarity with the δ18Obel/paleotemperature curve, with a decline in the 
relative abundance of these taxa as temperature rises (Fig. 3). Based on this 
observation, a clear relationship between the decreasing relative abundances 
of these taxa and the increase in seawater paleotemperatures may be 
hypothesized. This interpreta- tion is consistent with the hypothesis of 
Suan et al. (2010), who suggested that the calcium carbonate (CaCO3) 
contents, the amount of nannofossil calcite and the mean size of the major 
pelagic carbon- ate producer Schizosphaerella covary with 
paleotemperatures, indi- cating a coupling between climatic conditions and 
both pelagic and neritic CaCO3  production. 
Neither the schizosphaerellid decline around the Pliensbachian/ 
Toarcian boundary nor the increase in the relative abundance of C. jansae 
coinciding with a decrease in the percentages of Schizosphaerella sp., 
reported in the Castillo Pedroso section (Basque–Cantabrian Basin) by 
Tremolada et al. (2005), have been recognized in the West Rodiles sec- tion (Fig. 
6.3). 
Coinciding with the ﬁrst step of warming, during the Tenuicostatum 
Chronozone, planktonic organisms were affected in many areas of Eu- rope. 
Bucefalo Palliani et al. (2002) noticed the presence of two inter- vals marked 
by a prominent decrease in the number of species of calcareous nannofossils 
and dinoﬂagellate cysts in the Brown Moor Borehole, North Yorkshire, UK. 
The lower interval, located immediately below the extinction boundary, is 
marked by the decrease of pelagic carbonate production and can be correlated 
with the progressive in- crease in paleotemperature recorded in the Yorkshire 
area (McArthur et al., 2000). The second interval, located immediately above the 
extinc- tion boundary, is marked by the disappearance of calcareous 
nannofossils and dinoﬂagellate cysts (Fig. 6.1) which coincides with the rapid 
increase in seawater temperature observed by McArthur et al. (2000). 
Bucefalo Palliani et al. (2002) observed that the same taxa of calcareous 
nannofossils reappear when TOC values decrease, after maximum values. 
With respect to other phytoplankton groups, which are often studied 
together with calcareous nannofossils, a marked crisis in the dinoﬂagellate 
cysts, which temporarily also disappeared, has been reported in the 
extinction interval in the Dotternhausen section, Ger- many (Mattioli et al., 
2004b), predating the base of the succession enriched in organic matter (Fig. 
6.2). Bucefalo Palliani et al. (1998) observed a dramatic decrease in the relative 
abundance of Tasmanites (cysts of Prasinophyte algae) in the Pozzale section, 
Italy, which be- came extinct just after the extinction boundary (Fig. 6.5). 
In the Peniche section of Portugal, Suan et al. (2008) and Mattioli et al. 
(2009) reported a dramatic decrease in the absolute abundance of nannofossils 
(Fig. 6.4), and a less pronounced decrease in the size of Schizosphaerella. No 
organic-rich deposits were found in these Por- tuguese section (Hesselbo et 
al., 2007), but the Early Toarcian warming was also measured in this area in 
brachiopod calcite (Suan et al., 2008, 2010). These data are comparable 
with the results obtained in this study, marked by the progressive decrease in 
the rel- ative abundance of Schizosphaerella sp. and C. jansae (Fig. 6.3). 
 
4.5. Nannofossil  assemblages  and  rapid  warming at  the  extinction 
boundary 
 
In the West Rodiles section, the Tenuicostatum/Serpentinum AZs 
boundary was characterized by a substantial rise in seawater temper- ature and a 
transgressive peak (Gómez and Goy, 2005, 2011; Gómez et al., 2008; García 
Joral et al., 2011). Around the extinction boundary, the average seawater 
temperature was estimated at 21 °C, rep- resenting an increase of about 6 
°C with respect to the extinction in- terval (Figs. 2 and 5). 
Schizosphaerella sp. shows its minimal relative and absolute abun- dance 
values around the Tenuicostatum/Serpentinum AZs and extinc- tion boundary 
(Figs. 2 and 3). In other European sections, a sharp decrease in both size and 
abundance of calcareous nannofossils was recorded during the Early 
Toarcian (e.g. Bucefalo Palliani et al., 2002; Erba, 2004; Mattioli et al., 
2004a, 2004b; Tremolada et al., 2005; Mattioli et al., 2008; Suan et al., 
2008) that we interpreted as due to the recorded climatic change. For 
example, Schizosphaerella sp. undergoes a drastic decrease in both 
abundance and size during the Early Toarcian, which has been termed the 
schizosphaerellid cri- sis, biocalciﬁcation crisis or disappearance event 
(Bucefalo Palliani et al., 1998, 2002; Mattioli and Pittet, 2002; Erba, 2004; 
Mattioli and Pittet, 2004; Mattioli et al., 2004b; Tremolada et al., 2005; van 
de Schootbrugge et al., 2005; Mattioli et al., 2008; Suan et al., 2008; 
Mattioli et al., 2009). Mattioli et al. (2004a) hypothesized an inﬂuence of 
critical conditions during the postulated Early Toarcian anoxic event on 
coccolith size. Recently, Fraguas and Young (2011) in a bio- metric analysis 
performed on three species of the genus Lotharingius, observed a signiﬁcant 
decrease in the size of two of the species or “dwarﬁsm” and the 
disappearance of the largest one, L. crucicentralis, coinciding with the Early 
Toarcian climate shift. After the event, the 
 
 
largest species re-appeared with a big size and the other two taxa re- covered 
the pre-event sizes. 
Signiﬁcant peaks in the relative abundances of the coccolith taxa Calyculus 
spp. and L. sigillatus (Fig. 3) and in the second PCA factor, which is strongly 
loaded by Calyculus spp. (Fig. 5) were recorded around the extinction boundary in 
the West Rodiles section. Calyculus spp. have been considered as adapted to live 
near the surface of a stratiﬁed water column (Mattioli et al., 2008). The especially 
high relative abundance of this genus during the extinction interval could indicate 
the presence of low productivity conditions and a strong seawater stratiﬁcation. 
 
4.6. Nannofossil assemblages after the extinction boundary 
 
During the repopulation interval, a substantial increase in the relative 
abundances of the species belonging to the coccolith genera Crepidolithus and 
Lotharingius, is well marked in the West Rodiles sec- tion (Fig. 3). Moreover, a 
peak in the ﬁrst PCA factor, with strong load- ings for the species of 
Crepidolithus, and relative high Shannon diversity Index values have been 
recorded in samples above the extinc- tion boundary (Fig. 5). Based on the 
especially high relative abundances of C. crassus and Lotharingius taxa, which 
in the majority of the cases represents more than 50% of the total coccoliths, 
we infer a return to high nutrients concentrations during the repopulation interval. 
This is consistent with the progressive higher δ13Cbel values observed after 
the extinction boundary in the West Rodiles section. Considering this 
information, Crepidolithus spp. and Lotharingius spp. could be inter- preted 
as opportunistic taxa that probably occupied a part of the ecolog- ical niche 
previously occupied by Schizosphaerella sp. and C. jansae. Mattioli et al. 
(2008) found similar results in different sections from NW Europe, and they 
interpreted the successive pulses of Lotharingius spp. (shallow dweller) and C. 
crassus (deep dweller) in terms of pro- gressive restoration of environmental 
conditions at different depths within the photic zone. 
The relative abundances of the taxa Calyculus spp. and Biscutum spp. sharply 
decrease after the extinction boundary, and the species C. jansae becomes extinct 
just above this boundary, possibly because it could not survive to the signiﬁcant 
Early Toarcian seawater warming. 
 
5. Conclusions 
 
Quantitative nannofossil data have been compared to geochemical 
information (δ13Ccarb, δ13Cbel and δ18Obel curves and the wt.% TOC values) in 
order to interpret the paleoenvironmental changes recorded during the Late 
Pliensbachian–Early Toarcian time interval in Asturias (Northern Spain). 
During the latest Pliensbachian–earliest Toarcian time interval, before the 
extinction boundary, Schizosphaerella sp., T. patulus and C. jansae, taxa with a 
putative afﬁnity for rather cold waters, dominated the nannofossil assemblages. The 
relative abundances of Schizosphaerella sp., C. jansae and 
T. patulus and the absolute abundance of Schizosphaerella sp., show a high 
similarity with the estimated paleotemperature curve. We hypothesize a clear 
relationship between the increase in paleotemperature and the changes recorded 
in nannofossil assemblages. 
The dominance of Biscutum spp. slightly below the extinction 
boundary may be interpreted as a preference of these taxa for warm seawaters. 
The especially high relative abundance of Calyculus spp. during the 
extinction interval could indicate the presence of low car- bonate production 
conditions, coinciding with the deposition of the laminated shales. The peaks 
in relative abundances of Calyculus spp. and L. sigillatus around the 
extinction boundary have been inter- preted as a response to high-stress 
paleoenvironmental conditions. 
After the extinction boundary, a return to high nutrients concen- trations 
has been inferred, based on the progressive higher δ13Cbel values. Moreover, 
high relative abundances, > 50% of the total coccoliths, of the genera 
Crepidolithus and Lotharingius have been recorded during the repopulation 
interval. Therefore,Crepidolithus spp. 
and Lotharingius spp. could be interpreted as opportunistic taxa that probably 
occupied a part of the ecological niche previously occupied by 
Schizosphaerella sp. and C. jansae. 
Based on the covariance between the observed nannofossil crisis and the 
evolution of seawater paleotemperature, and taking into ac- count that none of 
the other proposed explanations seems to satisfy, warming can be considered 
as one of the main causes conducting di- rectly or indirectly to the Early 
Toarcian mass extinction. 
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Appendix A 
 
Alphabetical listing of all the taxa mentioned in the text with full author 
citations: 
B. depravatum (Grün and Zweili, 1980) Bown, 1987 
B. dubium (Noël, 1965) Grün in Grün et al., 1974 
B. ﬁnchii Crux, 1984 emend. Bown, 1987 (=Similiscutum novum 
sensu de Kaenel and Bergen, 1993) 
B. grande Bown, 1987 
B. intermedium Bown, 1987 
B. novum (Goy in  Goy et al., 1979) Bown, 1987 (=Similiscutum 
novum sensu Mattioli et al., 2004a) 
C. jansae Wiegand, 1984; (⁎) 
Calyculus spp. 
C. superbus (Deﬂandre in Deﬂandre and Fert, 1954) Prins in Grün et al., 
1974 
C. crassus (Deﬂandre in Deﬂandre and Fert, 1954) Noël, 1965 
C. cavus Prins, 1969, ex Rood et al., 1973 
C. granulatus Bown, 1987 
E. huxleyi (Lohmann, 1902) Hay and Mohler, 1967 
F. profunda Okada and Honjo (1973) 
L. crucicentralis (Medd, 1971) Grün and Zweili, 1980 
L. haufﬁi Grün and Zweili, 1974 in Grün et al., 1974, emend. Goy, 1979 
in Goy et al., 1979 
L. sigillatus (Stradner, 1961) Prins in Grün et al., 1974 
Schizosphaerella sp. 
T. patulus Prins, 1969, ex Rood et al., 1973 
(⁎) The genus afﬁliation Calcivascularis has been used instead of 
Mitrolithus jansae, since C. jansae differs in rim feature and central area 
structure from the other species of the genus Mitrolithus, such as M. 
elegans and M. lenticularis, coccoliths with an outer rim of thin and 
broad calcite laths with a central spine that is initially nar- row before 
broadening out (Deﬂandre in Deﬂandre and Fert, 1954; Bown, 1987). By 
contrast, C. jansae is a basket shaped species (i.e. a high-walled murolith) 
ﬁlled with a core of radially arranged ele- ments (Wiegand, 1984). 
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